The influence of the infill masonry walls in the structural response of reinforced concrete (RC) structures when subjected to earthquakes is not considered in Nepal National Building code and Indian Standard code. Field observations carried out after the 25th April Gorkha earthquake in Nepal reinforce the importance of the infill walls, namely, through the significant increasing of the structural stiffness and by the possibility of introducing unexpected mechanisms that can cause extensive damages or even the collapse of the structure. This article focuses on the study of an existing bare frame, representative of the Nepalese RC buildings, which was modeled and calibrated with data results collected from ambient vibration tests. Initially, a parametric study was conducted with the aim of evaluating the influence of parameters, such as concrete strength and elasticity modulus, slab thickness, and columns cross section in the natural frequencies of the building. The influence of the infill masonry walls in the structural response was evaluated through the modeling of three different numerical models with different disposition of the infill panels from the calibrated existing structure. The seismic vulnerability assessment was performed through non-linear static pushover and dynamic analysis. The results will be presented and discussed in terms of base maximum inter-storey drifts and maximum base shear.
FigUre 1 | infill masonry walls failures after the 25th april gorkha earthquake: (a) soft-storey failure, (B) short-column mechanism, and (c) diagonal cracking. design is carried out using National Building Code (NBC)-205 (NBC 201 1994) . For other important buildings, the design is according to NBC-105 (NBC 205, 1994) and Indian Standard (IS)-1893 (IS 1893 (IS , 2002 . But in actual practice, these codes are either not followed by design engineers or not implemented at a construction site. These design codes do not take into account the influence of the infill masonry walls in the structural response of the structure; however, as observed in the site observations carried out after the 25th April Gorkha earthquake (2015), the infill panels have an important contribution by increasing the structural stiffness and strength, which has direct impact on the structural response. The infills can also introduce different failure mechanisms that could affect the global structure, such as soft-storey mechanism ( Figure 1A ) and short-column mechanisms ( Figure 1B) , or can reach local failure mechanism that affect only the panel such as diagonal cracking ( Figure 1C ) that increase substantially the rehabilitation of the buildings costs . A significant number of studies showed that the confined masonry walls can exhibit adequate shear and flexural strength with reasonable levels of displacement capacity (Meli, 1973; Alcocer and Meli, 1995; Aguilar et al., 1996; Yoshimura et al., 1996; Tomazevic and Klemenc, 1997) . Matsumura (1988) and Gavilan et al. (2015) have demonstrated that a substantial increase in normalized shear strength was observed with decreasing of the panel aspect ratio (H/L). Dawe and Seah (1989) , Flanagan et al. (1992) , and Mander et al. (1993) have studied the infilled RC frames under in-plane and out-of-plane loads and concluded that this behavior is more complex than the steel infilled frames that have been studied by Fiorato et al. (1970) , Klingner and Bertero (1976) , and Kahn and Hanson (1979) . Mehrabi et al. (1996) performed the experimental evaluation of masonry-infilled RC frames by using two types of infills, i.e., weak and strong infill, namely 12 ½ scale, single-storey, singlebay, and frame specimens were tested. The results indicate that the infill panels can significantly improve the performance of RC frames. Specimens with strong frame and strong panels exhibit a better performance than those with weak frames and weak panel in terms of load resistance and energy dissipation capacity. Similarly, the lateral loads developed by the infilled frames specimens were always higher than the ones developed by the bare frames (BFs). The results also indicate that the infill panels can be potentially used to improve the performance of existing non-ductile frames. Pujol et al. (2008) carried out a full-scale test on a three-storey RC structure. The structure was strengthened with infill brick walls, and the results showed that the addition of the infill walls help to prevent the slab collapse and increased the strength (by 100%) and stiffness (by 500%) of the original RC structure. Dolsek and Fajfar (2008) use deterministic assessment on the effect of masonry infills on the seismic response of a four-storey RC frame. The results demonstrated that the masonry infill walls highly increase the structural stiffness and strength as long as the seismic demand does not exceed the deformation capacity of the infills. The infills can completely change the distribution of damage throughout the structure. It was also concluded by the author that the infills can have a beneficial effect on the structural response, if adequately distributed in plant and height, preventing the shear failure of the columns. Varum (2003) carried out the experiments on infills and emphasized on the need of considering the infills for the assessment and redesign of existing structures. The results show that the masonry infill panels increase the natural frequencies of the structure about four times compared to the BFs. The test on the infilled frame confirmed that infill panels protect the RC frame structure from low-to medium-intensity earthquake. Koutromanos et al. (2012) performed a shaking table test of a three-storey infilled RC frame, and the results show that infilled RC frames can behave in a safe manner during strong earthquakes. These tests have also shown that walls with openings are much more vulnerable to out-of-plane collapse than solid walls. Structures could retain 84% of the peak strength at a drift of 1.03%. Preti et al. (2015) performed experimental testing of engineered masonry infill walls subjected to both in-plane and out-of-plane loadings. The infills were designed with horizontal sliding joints that make the infill capable of absorbing 2.5% inplane drift with negligible damage, a stable hysteretic response, and no strength degradation. Furtado et al. (2016) tested three full-scale infilled RC frames subjected to static out-of-plane loadings with and without previous damage and observed that the out-of-plane capacity of an infill panel with previous in-plane damage reduced up to 30% of the original capacity. Chaulagain (2015) carried out a numerical study with the aim of evaluating the influence of infill walls made by solid bricks in the structural response of RC structures. The authors concluded that the presence of the infills increased the structural stiffness in engineered, non-engineered, and well-designed structures about (4-12), 20, and (2-7.5) times than BF structure, respectively. Similarly, the structural strength capacity increased in engineered, non-engineered, and well-designed structures in the range of (3-4.5), (6.3-7.7), and (2.4-2.5) times, respectively. Bolis et al. (2016) investigated numerically the in-plane performance of masonry-infilled RC frames with sliding joints (Stafford Smith, 1966; Stafford Smith and Carter, 1969; Saneinejad and Hobbs, 1995; Shing and Mehrabi, 2002; Shing and Stavridis, 2014) . The proposed solution allows the system to maintain its strength at high deformations (exceeding drifts of 3%) without substantial damage in the masonry. The introduction of gap and sliding joints can reduce the strength if introduced alone in the infill. The major finding of this study is that the length of infill, the friction coefficient along the sliding joints, and the strength of the lateral boards do not affect the global behavior drastically. Furthermore, research studies were carried out with the main goal of evaluating the influence of the infill masonry walls in the structural response of RC frames (Mainstone, 1974; Doudoumis and Mitsopoulou, 1986; Stavridis and Shing, 1997; El-Dakhakhni et al., 2003; Crisafulli and Carr, 2007; Kadysiewski and Mosalam, 2009; Koutromanos et al., 2011; Di Trapani, 2014, 2015; Campione et al., 2015; Asteris et al., 2016; Furtado et al., 2016) . In this article, an existing BF structure in Nepal was studied to evaluate the influence of the infill masonry walls in the structural response under earthquakes. For this, a 3D numerical model was generated using the software SeismoStruct (Seismosoft, 2006) and was calibrated with data results from ambient vibration tests described and presented in this article. A parametric study was carried out with the aim of evaluating the influence of some mechanical variables in the frequencies of the structure. Non-linear static pushover and dynamic analysis were conducted to assess the seismic vulnerability of the structure considering disposition of infill panels and thus evaluate their influence in the structural response.
case sTUDY general Description
An existing BF building, illustrated in Figure 2 , located at south east of Bhaktapur about 600 m far away from Jagati Figure 2D . An in situ visual inspection allows to detect the structural defects such as short column at stair case landing, discontinuity of beam at floor level, lack of column at beam to beam connection, and change of circular column at ground floor to rectangular at subsequent floors. Similarly, exposure of reinforcement, insufficient effective cover, poor material quality, and poor workmanship results in the vulnerability of the structure. These problems motivated the selection of this building for this study.
In Situ experimental Tests

Schmidt Hammer Test
Schmidt hammer tests were realized in different columns, beams, and slabs to measure their expedited concrete compressive strength. The rebound number indicates whether the concrete is soft or hard, which depends on the factors such as smooth or flat surface, concrete age, surface and internal moisture, shape and size of coarse aggregate, and type of cement. For each test, 16 data records were collected for each beam, column, and slab and then averaged. From the results summarized in Table 1 , it can be observed that beams and columns obtained results around 20 and 25 MPa, respectively. The slabs tests results were slightly lower, around 15 MPa.
Ambient Vibration Tests
Ambient vibration tests were performed to acquire the natural frequencies and vibration modes of the structure using threedirectional accelerometers. The acquisition time was 15 min with a sampling frequency of 2048 Hz. Three different test setups were adopted to reach the objective. A reference accelerometer was placed at the center of the top floor, and different dispositions of the other two accelerometers were adopted for the three setups as shown in Figure 3 .
The modal identification was performed through the application of the Enhanced Frequency Domain Composition method in ARTeMIS (2009). Figure 4A illustrates the singular and normalized curves from the spectral matrix for all the accelerations measured, which the fundamental frequencies determined for the building was f1 = 1.404 Hz 
numerical Modeling
The building was modeled using SeismoStruct (Seismosoft, 2006) software, which is based on finite element analysis and is capable of predicting large displacement behavior of space frame under static or dynamic loading considering material inelasticity and geometrical non-linearities. This fiber-based approach represents the cross section behavior where each fiber is associated with uniaxial stress-strain relationship (Rodrigues et al., 2012) . The beams and columns were modeled as inelastic forcebased frame element type. These elements were discretized in to 5 integration sections and 150 section fibers. Concrete uniaxial material model adopted is based on the constitutive relationship proposed by Mander et al. (1988) and cyclic rule proposed by Martinez-Rueda and Elnashai (1997) , initially programed by Madas and Elnashai (1992) that is based on uniaxial non-linear constant confinement model. Lateral transverse reinforcement confinement effect is incorporated by Mander et al. (1993) , whereby constant confining pressure is assumed throughout entire stress-strain range. Uniaxial steel model as proposed by Menegotto and Pinto (1973) is coupled with isotropic hardening rules proposed by Filippou and Fenves (2004) . Bauschinger effect is taken into account in this model that represents the columns' stiffness degradation under cyclic loading. The 3D numerical model built for the analysis is shown in Figure 5 .
The material properties adopted for the concrete and steel are presented in Table 2. Table 3 summarizes the existing dead loads adopted for the numerical model. The model was calibrated considering the results from the Schmidt hammer tests.
resUlTs anD DiscUssiOns
Parametric study A parametric study was performed to calibrate the numerical model by comparing the experimental frequency with the numerical frequency. This is carried out with the variation of parameters such as the concrete compressive strength and elasticity modulus, columns cross-section dimensions (reduction or uniformization as common in Nepal), and slab thickness, which can affect the natural frequencies of the structure. Thus, different numerical models were built based on the calibrated model, and different variations were tested, which are as follows:
• Variation of the concrete elasticity modulus between 11 and 22 GPa: from the comparison with the calibrated model results (exp. f1 and exp. f2) it can be observed that for E = 22 GPa, the frequencies increased around 30% (first and second frequencies), and for the E = 10 GPa, only the first frequency was reduced about 5% as shown in Figure 6 . • Variation of the columns cross section: three different columns cross sections were assigned to understand their influences in the variation of the building cross section as illustrated in Figure 7 . For the columns typical cross sections based on the common practices in Nepal, were selected for all the building, namely: 230 mm × 230 mm; 230 mm × 300 mm, and 300 mm × 300 mm. No significant change of the frequencies was observed when all column sizes were assigned as 300 mm × 300 mm; however, the frequencies were reduced about 26% when all column sizes change to 230 mm × 230 mm. Similarly, the buildings frequencies increased by about 23% when all column sizes were 300 mm × 300 mm.
• Variation of the concrete strength: different concrete strengths were tested representative of the concrete Nepalese, namely M10, M15, M16, M17, M18, M19, and M20. From the results (Figure 8) , it can be observed that the buildings' natural frequencies increase with the increase of the concrete strength, namely, can increase around 22% of the first frequency of the building and 18% the second for the concrete strength M20.
• Variation of the slabs thickness: test the influence of slabs thickness (Figure 9 ) in the buildings' natural frequencies and it also test the influence of the thicknesses of t = 100 mm, t = 120 mm, t = 125 mm, and t = 130 mm (representative of Nepal). For t = 100 mm, an increase of 33% can be observed for the first frequency and 24% for the second frequency.
Non-Linear Static Pushover Analysis
The non-linear static pushover analysis is performed to estimate the horizontal capacity of the structures. This can be performed as either forced based or displacement based depending on the nature of load and expected behavior of the structure. It was carried out as uniform, triangular, and adaptive (based on the response spectrum of the building) pushover analysis to evaluate the original capacity of the building. The capacity curve is plotted in Figure 10 , and it can be observed that the BF has maximum shear capacity in X-direction than Y-direction in all load patterns.
eValUaTiOn OF inFlUence OF inFill MasOnrY Panel On The sTrUcTUral resPOnse general considerations
The infill masonry walls can be modeled through a simplified macro-model (Crisafulli and Carr, 2007; Furtado et al., 2015) or detailed micro-model (Crisafulli and Carr, 2007; Rodrigues et al., 2008; Asteris et al., 2011) . In this section, the main goal was to evaluate the influence of the infill masonry walls in the seismic behavior of the structure. Therefore, three different numerical models were built with different arrangement of the infill panels in the structure according to common typologies in Nepal, and the natural frequencies and corresponding vibration modes, capacity curves from the non-linear static adaptive pushover analysis, and the seismic assessment through the realization of non-linear dynamic analysis were evaluated.
numerical Modeling approach
The masonry infill walls were modeled through the simplified macro-model proposed by Crisafulli (1997) , which consider two pairs of compression-tension diagonal struts and two pairs of shear struts with a shear spring at the middle of the struts as illustrated in Figure 11 . The infill panels are modeled by connecting four adjacent nodes and assigned as inelastic infill panel element.
Regarding the infill panel's characteristics, it was considered solid bricks of size 230 mm × 115 mm × 75 mm and cement mortar of 10 mm thickness. To the peripheral walls was assigned 230 mm thickness and internal as partition of 115 mm thickness. The reduction of area for openings was considered as proposed by Madas and Elnashai (1992) . The remaining masonry properties adopted for the numerical modeling are summarized in Table 4 . Three different numerical models were built with different disposition of the infill panels taking into account the most representative of the Nepalese construction practice according to the literature (Chaulagain et al., 2013; Varum et al., 2016) . Furthermore, gravity loadings related to residential buildings according to the Nepalese standards were introduced and summarized in Table 3 .
To evaluate the influence of considering only the mass contribution of infill walls and not the stiffness during an earthquake, a BF model with the same loads was built similar to the BF with full Seismic Vulnerability of a Nepal RC Building 
results and Discussion
Different type of analysis was performed on the structure, such as Eigen value analysis and non-linear time history analysis. The capacity of the structure for the different numerical models were compared, and seismic vulnerability was evaluated based on the inter-storey drift (%) and IS drift profile. Various analyses performed and results obtained are discussed below.
Eigen Value Analysis
The natural frequencies of vibration for different assumed conditions were analyzed and compared as shown in Table 5 . Higher frequency increases the demand capacity of the structure based on response spectrum. The result shows that the BF-W-I has higher frequency, almost 4 and 3.80 times higher for the first and 
Non-Linear Static Pushover Analysis
The capacity curves for the four numerical models considering different assumed conditions are plotted as shown in Figure 13 in X-and Y-direction, respectively. The model with full infill walls disposition, BF-W-I, shows higher strength for same displacement when compared with the other ones. From the results, it is notorious that the presence of infill masonry walls increases the lateral stiffness and strength. The models BF-W/O-GI and BF have approximately same maximum strength; however, BF-W/O-GI has maximum strength at slight prior displacement in both X and Y directions, i.e., yielding in BF-W/O-GI takes earlier. For this particular BF building, the capacity of the infill structure BF-W-I increases almost four to five times than that of BF model. Once the structure undergoes non-linearity, damages in the infill occur, and as a result, the interaction of infill degrades. The capacity of the infilled structures shows higher degradation when compared with that of the BF model. It is observed that the capacity curves of the models BF-W-I and BF-W/O-Int reaches the BF, which means that the infill panels collapsed. At this stage, the infilled is assumed to have completely collapsed and shear cracks in the column appears. Beyond this drifts, the structure can reach the collapse limit state.
Non-Linear Dynamic Analysis
Dynamic analysis predicts the non-linear inelastic behavior of a structure subjected to earthquake loading (for low level of ground excitation, linear elastic dynamic response can be modeled). Twenty real ground motions were selected from the expected response spectra of the structure (Figure 14) , the region, and soil of the structure. The records were selected and scaled as proposed by Araújo et al. (2016) .
Seismic Vulnerability Assessment
The vulnerability of the structure at different peak ground acceleration (PGA) can be obtained by plotting maximum inter-storey drift Vs PGA (g). The maximum inter-storey drift observed for all the non-linear dynamic analysis were plotted for the BF, BF-W/ O-GI, and BF-W-I as shown in Figure 15 . The plot is compared with various limit state proposed to assess the seismic vulnerability of structures, such as VISION2000:1995 (VISION2000, 2000 , FEMA-356 (FEMA356, 2000) , and Ghobarah (2004) and Ghobarah (2004) proposed limit state for frame structure with non-ductile infill. Comparing the analysis result with limit state proposed by Ghobarah (2004) will give strong validation of the result. Moreover, VISION 2000 (VISION2000, 2000 and FEMA-356 (FEMA356, 2000) proposed limit state for ductile frame and ductile infills. The detail of the limit states are listed in Tables 6-8 .
The plot shows that BF structure remains in moderate damage state for most of the earthquake ground motion at 0.1 g when compared with limit state in X direction proposed by Ghobarah (2004) . Up to 0.15 g, the structure reaches partial collapse state, and beyond 0.2 g, it goes complete collapse in X direction. In Y direction, the structure reaches irreparable damage state at 0.1 g and complete collapse at 0.2 g if compared with limit state proposed by Ghobarah (2004) . Similarly, the structure remains in operational level until 0.25 g in both X and Y directions if compared with VISION 2000 (VISION2000, 2000 and FEMA-356 (FEMA356, 2000) performance level. It reaches near collapse beyond 0.3 g.
For BF-W/O-GI, the structure goes partial damage state at 0.1 g and collapse state beyond 0.15 g in X direction based on the study by Ghobarah (2004) . Similarly in Y direction, the structure undergoes collapse limit state beyond 0.1 g. Based on VISION (VISION2000, 2000), the structure remains life safety until 0.2 g and undergoes near collapse beyond 0.3 g in both X and Y directions. Based on FEMA-356 (FEMA356, 2000) , the structure remains damage control till 0.2 g and life safety till 0.25 g in both directions. Collapse of the structure takes place beyond 0.4 g.
For BF-W-I, the structure behaves in safety limit state until 0.4 g compared with all limit defined limit states. After 0.4 g, the structure behaves vulnerable. This approach can be used for the strengthening of the structure. This behavior can be reinforced by the visual inspection of RC buildings having well-constructed infill panel that performed well in 2015 Gorkha earthquake.
cOnclUsiOn
Recent earthquakes have demonstrated the significant influence of the infill masonry walls in the seismic response of RC buildings. In Nepal, this type of buildings increased abruptly during the last decade, which is associated with the absence of seismic design, and the consideration of the infills for the structural response of buildings when subjected to lateral loadings resulted in the collapse of several structures during the 25th April Ghorka earthquake. This work presented a numerical study of a real BF RC building existent in Nepal. Schmidt hammer test was performed at a site to find roughly the characteristic strength of concrete used in this building. Similarly, ambient vibration test was performed using accelerometers at different positions to obtain the fundamental frequency and mode of vibration of the structure and calibrate the numerical model built in the software SeismoStruct (Seismosoft, 2006) .
A parametric study was performed to evaluate the influence of certain variables such as concrete elasticity modulus, compressive strength, and columns cross section and slabs thickness in the natural frequencies of the building. From the results, it was observed that the concrete elasticity modulus can increases about 30% for E = 22 GPa when compared with the calibrated one of 12 GPa. From the grade of concrete, a variation of 33 and 24% was observed for the first and second frequency, respectively, for the concrete strength M20 when compared with experimental obtained from the Schmidt hammer. The frequencies reduced by approximately 27% when column sizes are reduced to 230 mm × 230 mm and increased by 23% if all column sizes change to 300 mm × 300 mm.
In addition, the influence of infill masonry walls in the structural response of the building under study was evaluated. For this, three different numerical models with different disposition of the walls were built. From the Eigen value analysis, it was found that BF-W-I has approximately four times higher frequency than existing BF. It can also be concluded, for the same structure, that the mode of vibration does not remain same but varies. From the non-linear static pushover analysis, it was concluded that the full infill model has four times higher maximum strength than the BF model, and it is reached for lower top displacement values. Even the model without infills on the ground floor reaches almost the same maximum strength as that of BF model; however, the maximum strength is reached for half top displacement.
Dynamic time history was performed to find the vulnerability of the structure. It can be concluded that the BF-W/O-GI is most vulnerable followed by BF. Similarly, BF-W-I shows the better performance for all earthquakes. This type of structure remains as moderate damage state till 0.3 g ground acceleration. Beyond 0.4 g, the structure goes to complete collapse state. From this study, it can be concluded that if the ductility can be increased in the infill, the structure can deform for a longer period without collapse, which can be beneficial for alternative strengthening technique. From the drift profile plot, it can be concluded that BF-W/O-GI has maximum drift at ground floor and insignificant at subsequent storeys. In the same way, BF-W-I has less storey drift at all floors, which signifies the proper distribution of plasticity in the structure.
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